Spectral weighting strategies using a correlational method ͓R. A. Lutfi, J. Acoust. Soc. Am. 97, 1333-1334 ͑1995͒; V. M. Richards and S. Zhu, J. Acoust. Soc. Am. 95, 423-424 ͑1994͔͒ were measured in ten listeners with sensorineural-hearing loss on a sentence recognition task. Sentences and a spectrally matched noise were filtered into five separate adjacent spectral bands and presented to listeners at various signal-to-noise ratios ͑SNRs͒. Five point-biserial correlations were computed between the listeners' response ͑correct or incorrect͒ on the task and the SNR in each band. The stronger the correlation between performance and SNR, the greater that given band was weighted by the listener. Listeners were tested with and without hearing aids on. All listeners were experienced hearing aid users. Results indicated that the highest spectral band ͑ϳ2800-11 000 Hz͒ received the greatest weight in both listening conditions. However, the weight on the highest spectral band was less when listeners performed the task with their hearing aids on in comparison to when listening without hearing aids. No direct relationship was observed between the listeners' weights and the sensation level within a given band.
I. INTRODUCTION
The relationship between audibility and speech recognition has been studied for more than half a century ͑French and Steinberg, 1947; ANSI, 1997͒. The most frequently used method to predict speech intelligibility based on audibility is the articulation index ͑Fletcher and Galt, 1950; ANSI, 1969͒, which was revised in the late 1990s and renamed the Speech Intelligibility Index ͓͑SII͒; ANSI, 1997͔͒. The SII includes correction factors that account for the upward spread of masking and high presentation levels of speech. In addition to frequency-importance functions ͑FIF͒ for nonsense syllables, the SII also includes FIF data for words and sentences, which are more representative of every day speech. Data reported in the SII indicate that normal-hearing listeners weight spectral information differently depending on the type of speech stimuli they are attending to. Specifically, normal-hearing listeners tend to weight higher frequency information in sentences ͑Bell et al., 1992͒ less than higher frequency information in nonsense syllables. However, it is not clear how listeners with hearing loss weight spectral information compared to normal-hearing listeners. This study examines how hearing-impaired listeners weight spectral information in sentences.
Recently, Calandruccio and Doherty ͑2007͒ reported how listeners with normal hearing weight spectral information in sentences using a correlational method ͑Richards and Zhu, 1994; Lutfi, 1995͒. They found that normal-hearing listeners weight lower frequency information greater than higher-frequency information in sentences when compared to nonsense syllables ͑see Fig. 9 , Calandruccio and Doherty, 2007͒ . However, spectral weights have been shown to depend on hearing status ͑e.g., Lutfi, 1996, 1999; Mehr et al., 2001; Pittman and Stelmachowicz, 2000͒. For example, in 2001, Mehr et al. compared the weighting strategies for normal-hearing listeners to those of cochlear implant users. A subset of the Nonsense Syllable Test ͑Resnick et al., 1975͒ was used to determine how both groups of listeners weighted the spectral information in the speech stimuli across six spectral bands. Results indicated that normal-hearing listeners weighted the six spectral bands approximately equally, however the cochlear implant users weighted the six bands unequally. Pittman and Stelmachowicz ͑2000͒ also provided evidence that normal-hearing listeners weight spectral information differently than hearingimpaired listeners. They examined how these two groups of listeners weighted three segmental features ͑i.e., vowel, transition, and fricative͒ of voiceless fricative vowel-consonant pairs. Results indicated that for the vowel-consonant pair /u/ normal-hearing children and adults weighted the segmental features unequally. In contrast, the hearing-impaired children and adults weighted the information equally across the three segments.
Doherty and Lutfi ͑1996, 1999͒ also measured weighting strategies for both normal-hearing and hearing-impaired listeners on a synthetic and an analytic level-discrimination nonspeech task. Their results indicated that listeners with hearing loss used different weighting strategies than listeners with hearing loss to perform the discrimination tasks. Leibold et al., ͑2006͒ replicated the Doherty and Lutfi ͑1996͒ study to determine if presentation level and/or sensation level, instead of hearing loss, could account for the differ-ences in weighting strategies between the two groups of listeners. After equating both presentation level and sensation level, Leibold et al. suggested that the difference in weights observed between normal-hearing and hearing-impaired listeners was due to overall presentation level and not sensation level.
It remains unclear how hearing-impaired listeners weight spectral information in sentences and how sensation level could affect listeners' weights. Although the correlational method has been well established in measuring reliable weighting strategies for different types of speech stimuli and psychophysical tasks for listeners with normal hearing ͑Doherty and Turner, 1996; Stellmack et al., 1997; Willihnganz et al., 1997; Turner et al., 1998; Lentz and Leek, 2002; Apoux and Bacon, 2004; Calandruccio and Doherty, 2007͒ , there are limited data on spectral weights for listeners with hearing loss. Those data that are reported for listeners with hearing loss all have used a limited set of nonsense syllable stimuli ͑Kordas, 1999; Mehr et al., 2001; Pittman and Stelmachowicz, 2000͒ . The purpose of the present study was twofold: ͑1͒ to determine spectral-weighting strategies for sentences for listeners with hearing loss, and ͑2͒ to assess the effect of hearing aids on hearing-impaired listeners' spectral weighting strategies for sentences. These data will provide a greater understanding of how hearing-impaired listeners use spectral information to perceive sentences.
II. METHODS: EXPERIMENT I, WITHOUT HEARING AIDS

A. Subjects
Spectral-weighting strategies for sentences using the correlational method were obtained for ten native AmericanEnglish speaking listeners ͑five female, five male; age 56-77 years, mean age 69.5 years͒ with symmetrical ͑within 10 dB͒ sensorineural-hearing loss ͑air conduction and bone conduction thresholds within 10 dB at 500, 1000, 2000, and 4000 Hz͒. Audiometric thresholds were recorded using a GSI-16 ͑Grason-Stadler; Madison, WI͒ audiometer using standard audiometric procedures ͑ANSI, 2004͒ at octave and interoctave frequencies between 250-8000 and 500-8000 Hz, respectively, and are shown in Table I . Loudness discomfort levels ͑LDL͒ were measured binaurally at 750, 1500, and 3000 Hz ͑Bentler and Nelson, 2001͒ and for conversational speech using monitored-live voice. Overall presentation levels of the sentence stimuli used throughout testing were selected based on each listener's dynamic range of hearing and were presented approximately in the center of their dynamic range. The presentation levels of the sentences were fixed, and the noise varied around the level of the speech. Stimuli were never presented above a listener's LDL.
B. Stimuli
The speech stimuli used for all intelligibility testing were the Harvard/IEEE sentence lists ͓IEEE, 1969; recorded by Galvin and Fu, 2003 ͑16 bit, 22 kHz sampling rate͔͒ spoken by a female speaker. The Harvard/IEEE sentence lists contain 72 lists of 10 sentences ͑720 sentences in total͒ with five key words in each sentence. The noise stimuli were generated in MATLAB ͑MathWorks, Natick, MA͒ and consisted of a noise ͑16 bit, 22 kHz sampling rate͒ spectrally matched to the long-term average speech spectrum ͑LTASS͒ of the Harvard/IEEE sentences. Specifically, this was created by applying white noise to a FIR filter with a magnitude response equal to the LTASS of the 720 sentences. Therefore, the average spectrum of the speech and the noise were almost identical.
Stimulus generation. The stimulus generation is identical to that described in detail in Calandruccio and Doherty ͑2007͒. Briefly, the sentences and noise were filtered into five approximately equal intelligible frequency bands generated HI1  R  25  30  35  45  50  45  45  60  85  85  ͑dB HL͒  L  3 0  3 0  3 0  5 0  4 0  5 0  5 5  6 5  8 0  7 5  HI2  R  35  35  40  45  50  55  55  55  65  65  L  4 5  4 5  4 5  5 0  5 0  5 0  5 5  6 5  6 5  6 5  HI3  R  40  40  45  45  55  45  55  60  65 et al., 1977; Bell et al., 1992͒ test . Previous experiments in our laboratory indicated that basing the cut-off frequencies on either of these FIFs did not change the relative shape of a listeners' weighting strategy. FIF data reported for the SPIN test sentences were most easily divided into five equal bands with the least amount of variability. Therefore, the bandwidths for these experiments were based on previously reported 1 / 3 octave band frequency-importance functions for sentences from the SPIN test ͑Bell et al., 1992; ANSI, 1997͒ and were divided so that each band contained approximately equal intelligibility. In other words, if presented in isolation all five bands should theoretically contribute equal information to the sentence recognition task. A PC and Tucker-Davis Technologies ͑Alachua, FL͒ DSP board were used to combine the respective filtered sentences and noises on each trial at various signal-to-noise ratios ͑SNRs͒ randomly chosen from a specified 13 dB SNR range. The same 13 dB SNR range was used for all five bands. The five noisy speech bands were then recombined to create a noisy sentence ͑see Fig. 1͒ . 
C. Procedure
Prior to any experimental testing listeners completed the Short Portable Mental Status Questionnaire ͑Pfeiffer, 1975͒. Each listener was required to score 100% on the questionnaire to continue participation in the experiments.
Listeners were then seated in a sound-treated doublewalled sound booth 1 m in front of a custom-made speaker with a flat-frequency response through 10 000 Hz and were asked to repeat back the sentence they heard. The signal level was controlled by a Crown D-75 amplifier and was adjusted so that the long-term average rms of the stimulus was kept above listeners' audiometric thresholds through 4000 Hz, but did not exceed their LDLs. This was not possible for one listener, and those data are not included. Speech stimuli were presented approximately in the center of each listener's dynamic range ͑within Ϯ10 dB of center͒. This was true for all listeners except HI7. The presentation level for HI7 was 15 dB below center and still audible through 6000 Hz. As a result, the range in signal-presentation levels was between 92.0 and 99.8 dB SPL ͑mean-presentation level= 95.9 dB SPL͒ across listeners.
An examiner outside of the booth scored each listener's verbal responses online. Listeners' responses were also digitally recorded using an Olympus© WS-100 Digital Voice Recorder and were later scored offline to minimize scoring error. Responses that were difficult to hear for the first examiner were noted and reevaluated posttesting by a second examiner using the listeners' digitally recorded responses. On average, 3% of each listener's responses were rescored. To ensure tester reliability, the entire data set for three listeners also was rescored using the digital voice recordings. When a difference in scoring was found, both examiners listened to the recording and a score was agreed upon. This happened in less than 1% of the total trials scored.
Pilot testing was conducted on each listener to determine the specific SNR values needed for a listener's overall intelligibility score to be between 60% and 80% correct on the sentence recognition task. Specifically, 30 sentences were presented to the listener. The initial SNR range was determined based on listeners' audiometric thresholds. The listeners' responses to these sentences were scored. If the listeners' performance was too high, the SNR range was made more difficult; if performance was too poor, the SNR range was made easier. The SNR range was always 13 dB, which included 5 SNR values with a 3 dB resolution. The midpoint of the SNR range was adjusted for each listener based on each listener's overall recognition score during pilot testing and was the same for all five bands. For example, for one listener the SNRs for all five bands included ͓−4 , −1,2,5,8͔, with a midpoint of 2 dB, which resulted in a 77.1% score; whereas for another listener the SNRs for all five bands included ͓−2,1,4,7,10͔, with a midpoint of 4 dB, which resulted in a 74.4% score. Once the SNR midpoint was determined, spectral-weighting strategies were computed based on a total of 600 sentences ͑600 sentences ϫ 5 key words= 3000 key words͒ randomly presented to each listener. Testing was completed in two 2 h listening sessions.
D. Analysis
A data file for each subject was updated on each trial with the sentence played, the SNR for each of the five bands and the listener's scores for the five key words in each sentence ͑correct= 1, incorrect= 0͒. Weighting strategies were calculated using a point-biserial correlation between a listener's responses ͑1 = correct, 0 = correct͒ and the SNR within a given spectral band in each trial. That is, if a listener ͑con-sistently͒ performed well when the SNR was favorable in band 2 and poorly when the SNR was poor, then the correlation, or the weight of band 2 would be high. For each listener, point-biserial correlations were computed for each of the five spectral bands. The five correlations were normalized to sum to one for ease of comparing weighting strategies across listeners. Normalization was conducted by summing the absolute value of all five spectral bands' correlations and dividing the correlation for each band into the total sum of the five bands' correlations. A plot of the normalized correlations is referred to as a "relative" weighting strategy.
III. RESULTS: EXPERIMENT I, WITHOUT HEARING AIDS
Normalized point-biserial correlation coefficients for the five spectral bands are shown in Table III along with the SNR midpoints that were used for testing. SNR midpoints Fig. 2 . Two listeners were tested twice several months apart to determine if their weighting strategies were consistent across time. One listener ͑HI3͒ was tested with 3 months between test sessions, while the other listener ͑HI11͒ was tested with 6 months between test sessions. The weighting strategies and overall percent correct scores were similar across test sessions for both listeners. Also, to determine the stability of weighting strategies across test days, weighting strategies were computed for all listeners based only on the sentences presented on one specific day. On average, listeners completed 325 of the 600 sentences in the first session and completed the remaining sentences in the second test session. The two test sessions were never more than 1 week apart. Regression analyses indicated no significant differences between the listeners' weights on any of the five spectral bands across the two test days ͑p values ranging from 0.2832 to 0.9102͒.
The spectral weighting strategies for listeners with hearing loss presented in the current study were compared to those reported for normal-hearing listeners reported in an earlier study ͑Calandruccio and Doherty, 2007͒. Regression analyses indicated that normal-hearing listeners weighted the spectral information within bands 2 and 4 ͑562-1113 and 1789-2806 Hz, respectively͒ greater ͑p values= 0.0005, Ͻ0.0001͒ than listeners with hearing loss, but weighted band 5 ͑2807-11 000 Hz͒ less ͑p value Ͻ0.0001͒. No significant differences in weights were observed for bands 1 and 3 across the two groups of listeners ͑p values= 0.1671, 0.8319͒.
IV. METHODS: EXPERIMENT II, WITH HEARING AIDS
A. Subjects
The same ten listeners who participated in Experiment I also participated in Experiment II. These listeners were all experienced ͑at least 6 months͒ bilateral hearing aid users. Eight of the ten listeners wore digital WDRC hearing aids, and the remaining two listeners wore programmable analog WDRC hearing aids.
B. Stimuli
The stimuli were the same Harvard/IEEE sentences as those used in Experiment I. Also, the generation of the stimuli was identical to that of Experiment I. Sentences were presented to the listeners while wearing hearing aids at a fixed level of 75 dB SPL. An illustration of the average presentation level of the speech for both experimental conditions with respect to the average audiometric thresholds of the ten listeners is shown in Fig. 3 .
C. Procedure
A period of 6 months passed between experimental test sessions ͑with and without hearing aids͒. Listeners were fit binaurally with digital behind-the-ear Starkey Destiny 1200© hearing aids. The hearing aids were programmed for each listener using NOAH™, a commonly used hearing aid fitting software system. Gain was prescribed using the NAL-R ͓National Acoustics Laboratories, Australia ͑Byrne and Dillon, 1986͔͒ fitting algorithm. To eliminate confounding effects of compression across trials, hearing aids were set in a linear mode ͑compression ratio= 1.0͒. All circuit features and directional characteristics were either turned off or disabled. Hearing aids were coupled to the listeners' ears via custom made Lucite™, full-shell earmolds with a select-avent pinhole vent. An electroacoustic evaluation of the hearing aids was performed before each test session for every listener using an AudioScan Verifit ͑VF-1͒ system. All hearing aids met the ANSI ͑1996͒ standards. Real-ear insertion gain targets for each subject were within Ϯ10 dB from the prescribed NAL-R targets at 250-6000 Hz ͑Humes et al., 2004͒. Prescriptive NAL-R targets, insertion gains, and deviations from the targets for each listener are shown in Table  IV .
Pilot testing was performed to determine the appropriate SNR needed to obtain overall-percent correct score between 60% and 80% correct while wearing hearing aids. After the appropriate SNR range was determined the same experimental procedure and analyses that were used in Experiment I were employed in Experiment II. That is, weighting strate- FIG. 3 . Average presentation levels for the speech stimuli for Experiment I and Experiment II. Average audiometric thresholds for ten listeners with hearing loss. Error bars represent one standard error from the mean. ͑The noise used is not illustrated here. All listeners had the same 13 dB wide range of SNRs; the midpoint of those SNRs changed however, based on listeners performance.͒ gies were based on a total of 600 sentences ͑3000 total key words͒. Overall-presentation levels were recorded with each listener's right hearing aid connected to a digital Bruel and Kjaer sound level meter with a 1 / 3 octave filter via a 2 cc coupler. Levels were measured using a speech-shaped noise generated in MATLAB that had an average magnitude equal to the speech signals used in these experiments. The right hearing aid alone was used to simplify the calculations; however, since listeners had symmetrical hearing losses either hearing aid could have been used. A 2 cc coupler to free-field conversion was used to account for coupler differences ͑Bentler and Pavlovic, 1989͒. Overall-presentation levels ranged between 87.2 and 97.0 dB SPL ͑average presentation level = 93.9 dB SPL͒ for the ten listeners.
D. Comparison of sensation levels
One goal of this paper was to assess the effect of hearing aids on a listener's spectral-weighting strategies. To do so, it was necessary to determine differences in sensation levels ͑SLs͒ between the listening conditions in Experiment I and Experiment II. SLs were estimated for each listener for the five spectral bands. These estimated SLs were never used to compare the SL across bands, rather they were simply used to compare SLs within each spectral band across experimental conditions.
A Bruel and Kjaer sound-level meter with 20 1 / 3 octave bands between 125 and 10 000 Hz was used to measure the level of the speech. The 1 / 3 octave band measurements that fell within the bandwidth of one of the five spectral bands and approximately corresponded to one of the audiometric test frequencies were selected to estimate the SL within a given band. These 1 / 3 octave bands were centered at 250 and 500 Hz for band 1, 750 and 1000 Hz for band 2, 1500 Hz for band 3, 2000 Hz for band 4, and 3000 and 4000 Hz for band 5. Bands 1, 2, and 5 have two corresponding 1 / 3 octave bands and bands 3 and 4 only have one because the bandwidths of the five spectral bands were different. It was assumed that the reference equivalent threshold SPL for 1 / 3 octave band noise was equal to audiometric pure-tone thresholds in listeners with hearing loss ͑Cox and McDaniel, 1986͒. Since this method was not able to provide exact measurements of the total sensation level within each band, these estimates were only used to compare across experimental conditions and not across bands. Speech presentation levels were compared to listeners' audiometric thresholds at approximately the same frequencies. To account for natural resonances of the ear, average adult real-ear unaided gain ͑REUG͒ values were incorporated into all SL calculations ͑Dillon, 2001͒. Specifically, dB SL was determined using the following equation: dB SL ͑−HA͒ = ͑Speech presentation level freq͑x͒ + REUG freq͑x͒ ͒ − HTL SPL , where REUG is the real ear unaided gain, and HTL is the hearing threshold in dB SPL, see Table V .
SLs were estimated for the listening condition in Experiment II using the same technique as the one described for computing SLs for the listening condition in Experiment I, except the real-ear aided-gain ͑REAG͒ values recorded using the AudioScan Verifit at the same test frequencies ͑i.e., 250, 500, 750, 1000, 1500, 2000, 3000, and 4000 Hz͒ were added to the SL values. Thus, dB SL ͑+HA͒ = ͑Speech presentation level freq͑x͒ + REAG freq͑x͒ ͒ − HTL SPL ; see ͑Table V͒.
V. RESULTS: EXPERIMENT II, WITH HEARING AIDS
Normalized point-biserial correlation coefficients for five spectral bands are shown in Table VI along with the SNR midpoints used for testing and the overall percent correct scores. Overall percent correct scores ranged between 61.5% and 80.5%. Average normalized weights are shown in Fig. 4 . Eighty percent of the weights were significantly different from zero ͑␣ = 0.05͒. Regression analyses, testing the equality of the regression coefficients with a dichotomous variable, indicated that while wearing hearing aids, listeners placed the greatest weight ͑p values ranging from 0.0008− Ͻ 0.0001͒ on the spectral information within band 5 ͑2807-11 000 Hz͒. Also, the weight placed on band 2 ͑562-1113 Hz͒ was significantly greater than the weight placed on bands 1, 3, and 4 ͑p values ranging from 0.0409 − Ͻ 0.0001͒. Bands 1, 3, and 4 were not weighted significantly different from each other ͑p values ranging from 0.1569 to 0.8329͒. Average weighting strategies for the ten listeners were compared across Experiments I and II ͑Fig. 5͒ and to average weighting strategy data for normal-hearing listeners ͑Calan-druccio and Doherty, 2007͒. Regression analyses testing the equality of the regression coefficients indicated that there were no significant differences in weights obtained for bands 1-4 between Experiments I and II ͑p values ranging from 0.1850 to 0.8271͒. However, the weight on band 5 for Experiment I ͑without hearing aids͒ was significantly greater than the weight on band 5 for Experiment II ͓with hearing aids ͑p value= 0.0018͔͒. Normal-hearing listeners placed significantly greater weight on band 4 1789-2806 Hz ͑p value= 0.0244͔͒ in comparison to hearing-impaired listeners while wearing hearing aids, however, no significant differences in weights were observed for bands 1, 2, 3, and 5 ͑p values ranging from 0.0692 to 0.9518͒.
A comparison of SLs between Experiments I and II is shown in Fig. 6 . Although the weight on band 5 was significantly different between experimental conditions, a one-way analysis of variance indicated the SLs were only significantly different in bands 1, 3, and 4 ͑p values ranging from 0.0244 to 0.0443͒, and not in bands 2 and 5 ͑p values = 0.4222, 0.9657͒.
VI. DISCUSSION
Spectral-weighting strategies for sentences were obtained for ten hearing-impaired listeners. Listeners were tested in two experimental conditions. In the first condition ͑Experiment I͒ listeners were presented noisy speech via a loudspeaker in a sound field. An amplifier was used to provide the appropriate gain to amplify the noisy speech. In the second condition ͑Experiment II͒ listeners were fit with linear hearing aids. Again, listeners were presented noisy speech via a loudspeaker in a sound field, however, the hearing aids the listeners wore provided the appropriate gain to amplify the speech. Listeners with hearing loss, whether they were fit with hearing aids or not, always weighted the highest frequency band, band 5 ͑2807-11 000 Hz͒, the greatest. However, the weight on band 5 was significantly greater TABLE VI. Normalized point-biserial correlations for five spectral bands while wearing hearing aids ͑Experi-ment II͒. Boldfaced numbers indicate point-biserial correlations that were significantly different from zero ͑␣ = 0.05͒ in a one-tailed test. SNR midpoints and overall-percent correct scores are also shown. when listeners were not wearing hearing aids than the weight on band 5 while they were wearing hearing aids. The tasks in this study required data collection over several days. One concern was that a listener's weighting strategy may change over time. Kordas ͑1999͒ measured spectral weighting strategies for nonsense syllables every 2 weeks over a 6 week period and reported that listeners' weighting strategies changed across test sessions. In the present study, it was critical for listeners' strategies to remain stable across test sessions for two reasons. First, none of the listeners were able to complete all 600 sentence trials in one test session. Therefore, listeners required two 2 h test sessions to complete one experimental condition, which were always completed within 1 week. Second, to make comparisons between the two experimental conditions, it was imperative to ensure that weighting strategies were not changing over time. Two listeners ͑HI3 and HI11͒ were tested across longer periods of time. Both listeners' weighting strategies remained consistent with a 3 month ͑HI3͒ and 6 month ͑HI11͒ time gap between test sessions.
A confounding factor of conducting sentence recognition tasks is the limited number of sentences. There are 720 Harvard/IEEE sentences. However, 600 trials were completed for each experimental condition. Therefore, listeners were presented the same 600 sentences during both experimental procedures. To reduce the potential of listeners learning the sentences, a time period of 6 months always passed between experiments. Two listeners ͑HI4 and HI8͒ were tested using the same SNR range in both experimental conditions, yet their recognition scores hardly changed ͑see Tables III and IV͒ . Thus, it is unlikely that these listeners remembered the sentences they heard during the first experiment. Recall that the sentences presented to the listeners are very noisy, and often listeners do not hear all five key words in each sentence. Therefore, due to the time interval between experimental sessions and the noise within the sentences, it appears that listeners did not learn the sentences they heard.
Sensation levels were estimated for each band in Experiments I and II. These measurements were considered an "estimate" because the entire rms of each speech spectral band was not computed in these measurements. Instead it was based on the energy of specific frequencies within each band. This method was adequate to determine if differences in the SL between the experimental conditions accounted for the listeners' weighting strategies. The SL in three of the bands ͑1, 3, and 4͒ was significantly different between the two conditions, but the SL in the other two bands, 2 and 5, did not differ significantly across the two experimental conditions. Given that band 5 was the only band weighted significantly different between the two conditions it suggests the SL between the two conditions did not account for differences in the weighting strategies. In fact, the SL in band 5 was small for both listening conditions. In Experiment I the stimuli were unshaped and were presented below the listeners' LDLs, thus the SL in the high frequency region, in which listeners thresholds were most severe, was limited. In Experiment II SL was limited in the high frequencies due to limitations in providing high-frequency gains via the hearing aids as well as the small amount of prescribed gain at those frequencies. Similar results were reported by Leibold et al. ͑2006͒ on a level-discrimination task. Low-and high-pass noise maskers were used to manipulate the SLs across frequencies. They showed that listeners' weighting strategies were affected primarily by overall presentation level, not sensation level.
Overall presentation level was the main difference between the data presented here and the data reported for normal-hearing listeners ͑Calandruccio and Doherty, 2007͒. The differences in presentation levels need to be given great consideration when comparing the data between normalhearing and hearing-impaired listeners ͑see Fig. 5͒ . Kortekaas et al. ͑2003͒, Leibold et al. ͑2006͒ , and Lentz ͑2007͒ all report increases in spectral weights for high frequencies with increases in presentation level. All of these data were reported for normal-hearing listeners for nonspeech auditory tasks. However, similar results, in which higher frequency information received greater weight as presentation level increased for speech recognition tasks, have also been reported ͑Calandruccio, 2007͒. The two major qualitative differences observed between the weighting strategies obtained for listeners with hearing loss and normal-hearing listeners occurred in bands 2 and 5. Based on the cutoff frequencies of the bandpass filters, band 2 contains a great amount of formant frequency information; whereas band 5 contains consonant cues, such as place of articulation. Previous research has shown that hearingimpaired listeners use formant information and place of articulation information differently than normal-hearing listeners ͑e.g., Turner and Brus, 2001; Dorman et al., 1985; Hedrick et al., 1995͒. Hedrick et al. ͑1995͒ reported that some hearing-impaired listeners are not able to make use of formant transition cues. These results are in agreement with the data reported in Fig. 5 , where the hearing-impaired listeners ͑when not fit with hearing aids͒ weight band 2 less than normal-hearing listeners. Perhaps, since listeners with hearing loss do not use this information "like" normalhearing listeners ͑i.e., they use different strategies, combine acoustic cues differently͒, their weighting strategies are less effective and thus may account for the poorer speech recognition scores obtained by the listeners with hearing loss. It is interesting that in Experiment II hearing aids appeared to permit the hearing-impaired listeners to use spectral information in sentences more similarly to normal-hearing listeners. In fact, the only difference between the weighting strategies used by normal-hearing listeners compared to the results in Experiment II is that normal-hearing listeners weighted band 4 significantly greater than hearing-impaired listeners. Further research is needed to evaluate whether differences in weighting strategies for speech between normal-hearing and hearing-impaired listeners are due to hearing status, presentation level, or hearing aid use.
In this study listeners were fit binaurally with linear hearing aids. It is possible that if listeners wore compression hearing aids their weighting strategies may have changed as a result of low audibility speech. For example, certain spectral features that may be audible to the listener with linear hearing aids may become louder once compression circuitry is used. This might allow the listeners to improve their recognition scores, or take advantage of different spectral cues. However, since SL did not appear to account for differences in listeners' weighting strategies it is difficult to speculate these results. Further research is needed to determine how compression, and other hearing aid features ͑e.g., attack and release times, noise reduction algorithms, etc.͒ would affect the listeners' weighting strategies.
The data from Experiments I and II lend support to the idea that listeners with hearing loss ͑if the speech is made audible to the listeners either through hearing aids or via an external amplifier͒ are able to make use of high frequency information to perform a sentence recognition task when listening in noise. Hornsby and Ricketts ͑2003, 2006͒ investigated the effect of low-and high-frequency spectral information on listeners' sentence-recognition performance in noise. All listeners, regardless of hearing loss configuration, benefited from the addition of high-and low-frequency information. Plyler and Fleck ͑2006͒ also examined the effects of high-frequency audibility on listeners with various degrees of symmetrical high-frequency hearing loss when listening through a commercially available hearing aid. Having the additional high-frequency amplification did not benefit listeners in quiet. However, listeners' speech recognition scores were significantly better when high-frequency amplification was provided to the listeners when tested in noise. The data reported here, based on the results of Experiments I and II, add additional proof to the growing body of research that implies that high frequencies cannot be discarded for hearing-impaired listeners when performing sentence recognition tasks. The previously reported data that are in agreement with this argument ͑Hornsby and Ricketts, 2003 Ricketts, , 2006 Turner and Henry, 2002; Plyler and Fleck, 2006͒ all tested listeners in a fixed SNR condition. Therefore, it is hard to determine whether or not different levels of noise would have affected listeners' scores in these previous experiments in a more adverse or in a more favorable manner.
In the current study, five different SNRs were used across trials and across spectral bands. Thus, conclusions can be inferred about different noise levels and how they affect specific spectral information. For example, when listening at more favorable SNRs, listeners are able to use high frequency information ͑band 5͒ more than the lower frequency information presented by the other four spectral bands. That is, average performance at the listeners' most favorable SNR was approximately 80% correct for bands 1-4. However, average performance for band 5 was approximately 90% correct. This being said, when high frequency information is competing with very difficult SNRs, listeners with hearing loss may be more susceptible to masking in the high frequencies ͑band 5͒ in comparison to the other four spectral bands. Average performance at the most difficult SNR was approximately 62% correct while performance for the other four bands ranged between 70% and 75% correct with the same level of SNR difficulty. Pilot psychometric function data that were also collected in our lab using broader SNR ranges ͑up to 25 dB wide͒ indicated that the range of noise that was used to degrade the speech stimulus in these experiments was adequate for all five bands.
It is difficult to explain the differences observed between the weighting strategies in Experiments I and II. However, it should be noted that weights for these two listening conditions were significantly different only in band 5, where significantly less weight for band 5 was observed while the listeners performed the task with hearing aids.
Interestingly, the greater weight on band 5 for Experiment I did not relate to a decrease in weight on any one specific band, but rather was evenly distributed across bands 2, 3, and 4. Throughout these experiments listeners' raw correlations were normalized to sum to one, which has been referred to as a listener's relative weighting strategy. Therefore, in the unaided condition, the high weight on band 5 is relatively much higher than the other four bands compared to the aided condition. The high weight on band 5 may be excessive in that listeners do not weight the spectral information in the other bands enough, which could have a negative impact on the listeners' overall performance scores.
VII. CONCLUSIONS
Hearing-impaired listeners weight high frequency information ͑2807-11 000 Hz͒ relatively the greatest when performing a sentence recognition task. However, it is unclear if the use of this information is beneficial to the listeners' performance. Unfortunately, the bandwidth of band 5 in these experiments is quite broad and therefore, it is impossible to determine if the entire band or just portions of the band were important for sentence recognition. Further studies are needed to ͑1͒ examine spectral-weighting strategies using narrower bands to obtain finer spectral resolution ͑especially in the high frequencies͒, and ͑2͒ to identify the most efficient weighting strategy to perform sentence recognition tasks.
